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Much of a worm’s life involves
food: either looking for it or
consuming it. In the lab,
Caenorhabditis elegans spends
nearly all of its time grazing on
bacterial lawns; if placed on a plate
without bacteria, it moves around
the plate, apparently searching for
food. The hunt for food is not a
completely random affair: worms
can use a number of cues from the
environment to direct them
towards a place where food might
be found. 
Research has shown that C.
elegans can detect tastes and
smells in their environment, and
can remember a taste [1] or smell
[2] that has been associated with
food (or with the lack of food), and
will move towards a chemical cue
that predicts the presence of food.
It can also detect and remember a
temperature where they last
encountered food or a lack of food
and move up or down a thermal
gradient to locate food [3,4]. 
Several papers in the past year
have focused on a further sensory
ability of C. elegans: the detection
of, and response to, varying levels
of oxygen in the environment. In a
new installment in this issue of
Current Biology, Cheung et al. [5]
report evidence that the worm can
also learn about relationships
between oxygen levels and food,
and can use this information to
move to areas where food might
be found.
All animals require oxygen to
survive. Mammals respond to
changes in oxygen levels by
altering their respiration and
circulation. Animals that live in the
soil, or in an aquatic environment,
can detect oxygen gradients and
avoid oxygen levels above or
below their preferred levels. For
survival, an organism’s response
to a change in oxygen levels must
be very rapid. Until recently, little
was known about the molecular
mechanisms involved in sensing
and responding to oxygen levels.
But progress is being made: last
year, Cheung et. al. [6] reported
that soluble guanylate cyclases
have roles in the aggregation
behavior of C. elegans, and Gray
et. al. [7] reported that these
signalling enzymes play a part in
oxygen sensation. Soluble
guanylate cyclases are logical
suspects for molecules involved in
oxygen sensing, because they
contain a heme cofactor; heme
proteins are known to play a role
in aerotaxis of prokaryotes to
preferred oxygen levels. 
Gray et. al. [7] showed that C.
elegans can detect variation in the
ambient oxygen level: it prefers an
oxygen level of 5–12%, and tries to
avoid a higher or lower oxygen
level. They tested a number of
mutant strains and thereby showed
that the tax-2 and tax-4 genes,
which encode a sensory cGMP-
gated channel, are necessary for
avoidance of high oxygen levels, as
is the soluble guanylate cyclase
encoded by the gcy-35 gene. 
Avoiding high oxygen levels is
thought to be important, because
higher levels of oxygen can lead
to increased oxidative damage. It
is interesting to note that oxygen
levels vary across a petri plate
with a bacterial lawn: the levels of
oxygen are lowest at the border of
the lawn where bacteria are most
dense [7]. 
Gray et. al. [7] and Cheung et. al.
[6] both showed that the soluble
guanylate cyclases GCY-35 and
GCY-36, which are produced in the
body cavity neurons (AQR, PQR
and URX) of C. elegans, play a
critical role in aggregation on food.
Interestingly, the aggregation is
most likely to occur at the borders
of the bacterial lawn, where the
bacteria density is highest and
oxygen levels are lowest [7]. 
In the new paper, Cheung et. al.
[5] report that oxygen and food act
synergistically to cause
aggregating strains of C. elegans
to switch from high to low levels of
exploratory behavior. This switch is
controlled by GCY-35 and GCY-36.
When oxygen levels drop, GCY-35
and GCY-36 are activated and
depolarize the AQR, PQR and URX
body cavity neurons. GCY-35 and
GCY-36 appear to work together
as an oxygen sensor; their targeted
expression in an olfactory neuron
(AWB) is sufficient to turn that
neuron into an oxygen sensor [5].
Cheung et al. [5] went to show
that the response of C. elegans to
the oxygen level exhibits
plasticity: the preferred oxygen
level (normally 5–12%) can be
reset by cultivation at lower levels
of oxygen with food. When worms
were cultivated at 1% oxygen for
four to six hours with food, and
then offered an oxygen gradient,
they now preferred the region of
gradient with 0–7% oxygen (which
they previously avoided). 
The worms did not alter their
preference if cultivated for only
two hours, or if the cultivation in
1% oxygen was for six hours but
without food; after either
treatment they still migrated to the
5–12% oxygen region of the
gradient. This change of
preference if cultivated at 1%
oxygen with food did not occur in
worms with mutations in gcy-32,
gcy-34, gcy-35 or gcy-36. Cheung
et. al. [5] hypothesize that GCY-35
and GCY-36 are responsible for
detecting the levels of oxygen in
the environment, and that GCY-32
and GCY-34, which are also
produced in the AQR, PQR and
URX neurons, play a role in
learning a new preferred level of
oxygen.
This change in the preferred
oxygen level after cultivation with
food is reminiscent of the shift in
preferred temperature shown by
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C. elegans if cultivated at a new
temperature with or without food.
Mohri et al. [8] recently examined
the time-course of the switch in
preferred temperature following
cultivation at a new temperature
with or without food. In the
experiments where worms were
cultivated at temperature A plus
food and then switched to
temperature B plus food, it took
about two to three hours to switch
preference from temperature A to
temperature B. If cultivated at
temperature A with food and then
switched to temperature A without
food, the time to shift preference
differed when the temperature was
high compared to when it was low.
If worms were cultivated at 25oC
and then starved at 25oC, it took
them about 10–20 minutes to
begin to avoid 25oC; but when the
cultivation temperature was 17oC
and then worms were starved at
17oC, it took them more than 2
hours to begin to avoid 17oC. 
Understanding the parametric
features of this plasticity should
facilitate investigation into the
mechanisms underlying the
behavioral changes. It will be very
interesting to see whether the
plasticity observed in the
aerotactic response shows similar
time-courses and characteristics
as those reported for thermotaxis
by Mohri et. al. [8].
Taken together, these studies
emphasize the amazing abilities
that C. elegans has to learn about,
and to remember features of its
environment that predict the
presence of food, and to use those
cues to move to areas where there
is increased likelihood of finding
food. Thus far, studies have shown
that a single cue, such as a taste
or smell, or the ambient
temperature or oxygen level, can
all be used as predictors of food.
At this time experiments have only
varied one of these cues at a time,
in order to fully understand how
the worm addresses the question
‘Now, where was I?’ we will need
to understand whether, and if so
how, these sensory inputs are
integrated to form a memory that
can guide behavior.
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A central theme in the
development of multicellular
organisms is that fields of cells are
patterned by gradients of signalling
molecules in a concentration
dependent manner. For example,
gradients of bone morphogenetic
proteins (BMPs), which are
members of the TGF-β superfamily,
pattern the dorsal–ventral axes in
vertebrate and invertebrate
embryos [1]. In the Drosophila
embryo, this process requires two
BMP signalling molecules,
Decapentaplegic (Dpp) and Screw
(Scw) [2]. Two groups have
recently visualised the distribution
of Dpp in wild-type and mutant
embryos [3,4]. These studies have
shed new light on BMP gradient
formation by demonstrating that a
Dpp–Scw heterodimer is a potent
signalling molecule [3], and that a
positive feedback mechanism
reinforces signalling at peak levels
of activity [4].
In the early Drosophila embryo,
dpp is uniformly transcribed  in the
dorsal ectoderm, which
encompasses the dorsal 40% of
the embryonic circumference,
whereas scw is ubiquitously
expressed [2]. However, a wealth
of experimental evidence has
pointed to the existence of an
extracellular Dpp and Scw protein
gradient, which patterns the dorsal
ectoderm. Peak signalling at the
dorsal midline leads to formation of
the extra-embryonic amnioserosa,
whereas lower levels of signalling
specify dorsal epidermis [5].
Dpp and Scw bind to
Thickveins–Punt (Tkv–Put) and
Saxophone–Punt (Sax–Put)
receptor complexes, respectively.
The signal is then transduced by
the Smad transcription factors,
Mad and Medea, which enter the
nucleus following phosphorylation
of Mad by the activated receptors
[2]. Genetic evidence had
suggested a continuous gradient of
Dpp and Scw activity with the
highest signalling activity at the
dorsal midline, gradually
decreasing towards the lateral
regions [5]. However, visualisation
of activated Smads revealed a step
gradient instead. Active Smads are
initially detected in a broad stripe in
dorsal nuclei, which subsequently
narrows to a tight stripe of nuclei in
cells fated to become
amnioserosa. Until recently, the
BMP Signalling: Synergy and
Feedback Create a Step Gradient
More than a decade ago, genetic evidence predicted the existence of a
Dpp gradient in the early Drosophila embryo. Two recent studies finally
reveal Dpp distribution, providing further insights into the mechanism
of BMP gradient formation.
